INTRODUCTION
Current-programmed switching power stages are becoming widely used in the power supply field because of several advantages they exhibit over conventional duty ratio programmed power stages [1, 2] .
Design of switching regulators from the control loop aspect is now well understood:
smallsignal models for the power stage, and their use in design of the feedback loop, have gradually become familiar tools for design engineers over the last fifteen years.
These well-known models and methods, however, are for duty ratio programmed power stages. Corresponding models for current-programmed power stages have appeared much more recently [3, 4] , and have been the subject of some controversy [5, 6] .
The purpose of this paper is to apply a particular small-signal model [6] of a currentprogrammed power stage to the anlaysis and design of a 150W buck regulator. This is intended as an illustration of how the generalized model,
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established once and for all, can be applied not only to the analysis but also to the design of practical regulators.
Although the loop gain is of central importance, a regulator is not specified directly by its loop gain, but by its performance functions such as output impedance and line-to-output transfer function (audio susceptibility). Therefore, the objective of the analysis is to determine how the various component values affect these functions.
Understanding of the physical significance of each analytic step is essential in choosing the numerous trade-offs that have to be made.
This process and its objective, of course, are applicable to any design, and are central to the approach described as design-oriented analysis.
Most of the numbers in the example 150W buck regulator are the same as those chosen by Schoneman and Mitchell [7] . This was done so that the performance functions determined here could be compared with those derived by Schoneman and Mitchell, who used an entirely different approach to the analysis.
When all the numbers are the same, the performance functions obtained by the two approaches are, of course, also the same.
In the example discussed here, however, one parameter is chosen differently (the gain of the error amplifier) to illustrate its effect on the results. Discussion  of  the  results  and  of  the  significance  of  the  design-oriented  analysis  approach is presented in Section 5. stage, which is inside the "major" voltage feedback loop via the error amplifier.
One may define and analyze any loops or combinations of loops one wishes, each of which has its own "crossover frequency" and "phase margin" [6] ; the results for  the  regulator  performance  functions  should  of  course  be  the  same  regardless  of  the  loop  definitions. 2.
MODELLING APPROACH
The circuit of the regulator with a currentprogrammed buck power stage is shown in Fig. 1 . The numbers, supplied to the author by private communication, are those used in an example by Schoneman and Mitchell [7] . The reference voltage V R is such that the steady state duty ratio is D -0.5, which results in an output voltage V -15V from a line voltage V g -30V. With a load resistance R L -1.5n, the output current is I -10A for an output power of 150W.
The switching frequency is f s -ω 8 /2π -25 kHz, for a switching period T 8 -l/f s -40 ps.
One choice is to consider the current and voltage loops to be in parallel around the power stage [4, 5] ; this has the advantage that the familiar state-space averaged canonical model of the power stage under duty ratio programming [8] can be employed, but the disadvantage that the distinction between the current and voltage loops is lost.
Since the two loops are employed for different purposes, loss of separation obscures the design criteria.
Another choice is to consider the current loop separately, and to find a canonical model that represents overall transfer functions of the current-programmed power stage around which the regulator voltage loop is closed.
This approach, recommended in [6] This is the approach that will be adopted here.
Development of a generalized canonical model for the basic current-programmed buck, boost, and buck-boost power stages has been described in [6] . This becomes the starting point for the designoriented analysis for the buck regulator of Fig. 1 Fig. 2 . This y-parameter model, and a table of expressions for the element values for the buck, boost, and buck-boost converters, were presented in [6] .
For the buck converter, the subject of this paper, the expressions for the six elements in the model of Fig. 2 (1)
Here, the ramp reaches a peak voltage Vp during a switching period Ts , so the equivalent current slope is Mc -Vp/T8Rf -2.0/(40x0.10) -0.5Α/με. The inductor current slope during the switch 0N-time, when the inductor is connected between line and output, is M1-(Vg-V)/L 15/40 Hence, η -1 + 2 x 0.5/0.375 -3.67.
0.375Α/μδ.
The purpose of the stabilizing ramp is to extend the range of stability of the currentprogrammed power stage beyond the value Dmax -0.5 that exists in the absence of a ramp (η -1). As shown in [6] , in the presence of a ramp Dmax/(1-Dmax) -n, so Dmax -n/(l+n). η -3.67 so I -3.67/4.67
In the present case » 0.786, which means that the minimum line voltage for which regulation of the output voltage V -15V can be maintained is V/Dmax -15/0.786 -19.1V.
It is also shown in [6] that if the stabilizing ramp slope Mc equal the slope M2 of the inductor current during the switch OFF-time, then any disturbance from the equilibrium duty ratio is eliminated in one switching period; the value η -nx corresponding to Mc -M2 is nx -
In the present buck converter example, η -3.67 so Mc exceeds M2 , and in this sense the converter is "over-stabilized."
The frequency ω0, which appears as a pole in all six y-parameters, is given by These are defined and evaluated below, along with a review of their significance in the operation of the currentprogrammed converter.
The current sensing function is represented by Rf, which is the ratio of the voltage presented to the comparator to the switch current (that is, the inductor current), that is being sensed. Because of the gain factor Ν in If the load on the regulator is a pure resistance RL , as in the present example, then R -RL numerically.
However, the distinction in symbols will be retained as a reminder that R and RL are conceptually different; R is a parameter contained in the model of the power stage, whereas RL is an external element.
The distinction is important when the load contains a constant current component and/or becomes complex.
Finally, Κ is a "conduction parameter" defined as 2L 2 x 40
As discussed in [6] , the low-frequency loop gain of the current-programmed minor feedback loop is proportional to K, and Κ is the same conduction parameter that appears in the canonical model for a duty ratio programmed power stage in discontinuous 
T h e c o r r e s p o n d i n g m a x i m u m l o a d r e s i s t a n c e ( a g a i n , f o r a p u r e r e s i s t a n c e l o a d ) , i s
If the operating conditions of Fig. 1 represent full load power of 150W at I -10A, the minimum load power to avoid discontinuous conduction is 3.75A x 15V-56W, or about 38% of full load power. 
3. CURRENT -PROGRAMMED BUCK REGULATOR OPEN LOOP PROPERTIES
Modified v-Parameter Model
The y-parameter expressions of Eqs.
(1) can be put into a somewhat more convenient form by elimination of the parameter Κ in favor of the power stage inductance L, by Eqs. (4) and (6) : KR ocL (9) nD' For example,
The physical interpretation of ocL -2π x 4.34 χ 0.04 « 1.09Ω is that it is the reactance of the power stage inductance at the current loop gain crossover frequency.
It follows from Eq. (10) that l/yzi consists of a resistance in series with an inductance. However, in the regulator circuit of Fig. 1 I/V22» which is the output impedance of the power stage, is paralleled by C and RL.
As a consequence, the inductive component of y22 can be neglected because at frequencies where it becomes significant in y22 , the total parallel impedance is dominated by C. Hence (because of the way the power stage is loaded), l/y22 « ω0L/(l-D/nD') -1.09/0.727 -1.50Ω.
Replacement of factors in Κ by <<>CL, according to Eq. (9) , in the other y-parameters allows Eqs.
(1) to be rewritten in the following forms: The switch shown in Fig. 3 
where
These three functions are sketched in magnitudeasymptote form in Fig. 4 .
Remarks on the Effectiveness of Current Programming
It is worth pausing here to review the form of Fig. 3 and its significance.
In accordance with the preferred approach outlined in Section 2.1, the regulator voltage feedback loop is explicitly exposed, while
20
A cm=7.5=> !7.5dB Ι0Ώ. Fig. 3 . the current feedback loop has been absorbed into the model representing the overall properties of the current-programmed power stage.
Fig
One of the advantages of this form is that the properties of the current-programmed power stage are immediately visible, which is why the three functions A c , A g , and Z 0 could be written directly by inspection of the model. Also, it can be seen how well the current programming does its intended job of making the output current "constant."
What this objective really means is that the output current should be represented in the model by a current generator proportional to the control voltage v c .
It is seen that such a current generator (the y 2c generator) is indeed present, but that the output current is not equal to it because the output resistance is not infinite.
The output resistance is o c L/( 1-D/nD' ) and, as shown in [6] , the denominator only goes to zero in the limit of instability when η -» D/D' . Therefore, the output resistance can only go to infinity if either the switching frequency or the inductance goes to infinity, a limit that corresponds to infinite loop gain of the current minor feedback loop [6] . The actual value of the output resistance o c L/(l-D/nD'), in the present example, is 1.5Ω, and not at all large, consistent with the point made in [6] that the low-frequency current loop gain is not large.
Finally, the current generator y2 C v c itself in Fig. 3 fails to "program" its current at higher frequencies, because of the pole ω 0 .
As already mentioned, this pole is the crossover frequency of the current loop gain, that is, the frequency above which the current-programming ceases to function at all.
Consequently, the control-to-output transfer function A c given by Eq. (16) contains not only the dominant pole ω ρ (commonly thought to be the "only corner frequency" in this function), but also a second pole ω 0 , as shown graphically in Fig. 4 .
Were it not for these "shortcomings" of the current feedback loop, the y2c v c current generator in Fig. 3 would be 1/R f , and this would also be the output current, so that the output current would ideally be programmed to be equal to (1/R f )v c .
Thus
R f , the effective current sense resistance, sets the control voltage to output current gain, and therefore appears as an explicit (reciprocal) factor in the control voltage to output voltage transfer function given by Eqs. (16) and (17). This transfer function implicitly applies to the power stage with the minor currentprogramming feedback loop closed, just as the gain block labeled A x in Fig. 3 applies to the error amplifier with its minor voltage feedback loop closed.
In this way, the various feedback loops are accounted for in an orderly fashion, and in the model of Fig. 3 only the regulator major voltage feedback loop remains to be considered. This is done in the familiar manner used for conventional "single-loop" regulators, the only difference being the incorporation of a different canonical model for the power stage.
CURRENT -PROGRAMMED BUCK REGULATOR CLOSED-LOOP PROPERTIES
The model of 
5.
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( 2 5 ) T but also the loop gain crossover frequency f vc -ω ν<; /2π, the frequency where the magnitude of Τ crosses the zero dB axis, as shown in Fig. 5 . By the geometry of the graph, This is an acceptable phase margin, so we can adopt the crossover frequency f vc -1.67kHz,and use Eq. (25) to find the corresponding midband loop gain as T m -fvc/fp " 1670/79 -21.3 -26.5dB. From Eq. (24), the required value of the error amplifier gain is A lm -T n /A cin -21.3/7.5 -2.84 -9.1dB. The error amplifier is actually an opamp with local feedback to set its overall gain A x , and hence the crossover frequency of the regulator major voltage loop.
Since only 9.1dB of gain is required, most of the available opamp gain is wasted.
However, the lost gain can be recovered, for frequencies sufficiently far below the regulator loop crossover frequency, by placing an "inverted zero" ω λ in the error amplifier gain function:
From the circuit in Fig. 1 The final designed loop gain Τ is shown in Fig. 6 . The inverted zero at fx -11Hz contributes a small additional phase lag tan" 1 (11/1670) -0.4° at the crossover frequency fvc -1.67 kHz, resulting in a negligible reduction in the original phase margin φκ -72°. 
One of the most important advantages of the adopted modelling approach is that the properties of the current-programmed power stage are already explicit before the regulator major voltage loop is considered.
The direct result of this approach is that the regulator closed-loop properties can be found from the open-loop properties by the familiar formulas for single-loop systems. Only one additional calculation is required, which is to find the feedback factor 1+T from the known T.
This can be done very easily, to a sufficient degree of accuracy, by a semigraphical technique.
AS shown in Fig. 6, 1+T can be constructed by drawing the asymptotes for 1+T just above those of Τ for frequencies below the crossover fvc" However, beyond crossover, Τ is much less than unity, so 1 + Τ « 1 or OdB. All that remains is to identify the corner frequencies of 1+T. The inverted zero and the lowest pole £p are the same as those in T; the new zero, by the geometry of the asymptotes, is (1 + Tm)fp or (1 + Tm)fvc/Tm. Hence, the factored pole-zero expression for 1+T can be written by inspection of the asymptotes as
It is to be noted that if Eq. (32) for Τ were substituted into 1+T and the pole-zero factors found algebraically, a cubic equation would have to be solved. With appropriate approximation,, the result of Eq. (41) would be obtained.
Closed-Loop Transfer Functions Zof and A£f for Maximum Load
The regulator closed-loop output impedance Zof can now be found from substitution of Eqs. (21) and (41) Although the algebra is simple, more insight is gained into the above result if the process is conducted graphically.
In Fig. 7 
. S I G N I F I C A N C E A N D I N T E R P R E T A T I O N O F T H E D E S I G N -O R I E N T E D A N A L Y S I S
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T h e i n t e r p r e t a t i o n o f t h e a n a l y t i c r e s u l t s o b t a i n e T h e m o s t i m p o r t a n t a s p e c t s o f t h e a n a l y t i c r e s u l The load resistance RL enters the equations directly, and also indirectly through the operating point parameter R, which for a purely resistive load is numerically equal to RL.
In this example of the buck regulator, the minimum value is R -RL « 1.5Ω (maximum power out of 150W), and the maximum value is R -RL -4Ω (minimum power out of 56W), as discussed in Section 2.2.
The minimum line voltage, also discussed in Section 2.2, is 19.1V.
The line voltage enters the equations through the duty ratio D needed to maintain the regulated output voltage V -15V.
Although the midband loop gain Tm, by Eq. (33), varies quite strongly with both D and RL, the crossover frequency ωνο -Alm/RfC, by Eq. (35), is independent of both line and load. This is because the dominant pole ωρ, Eq. (37), varies inversely with Tffl as the same function of D and RL through the common factor [u>cL/(l-D/nD' ) ] ||RL .
It is, of course, desirable to have a crossover frequency that changes little, if at all, with operating conditions.
On the other hand, the midband loop gain Tm itself does not have any particular significance because it is explicit only over the narrow frequency range between the inverted zero ω1 and the dominant pole ωρ.
The final pole ω0 in the loop gain, Eq. (4), is also independent of load, but does depend on line voltage.
The feedback factor 1+T essentially follows Τ until it levels out at unity at the zero (1+Tm)a>vc/Tm. The midband loop gain is sufficiently high that (1+Tm)/Tm « 1 and so 1+T levels out at essentially the crossover frequency fvc -4.34 kHz.
The closed-loop output impedance Zof is its open-loop value divided by the feedback factor, which results in Eq. (42).
Since the loop gain goes away at the crossover frequency, the closedloop output impedance is essentially equal to its open-loop value beyond ωνο ; since its open-loop value is dominated by the load capacitance C, the midband (maximum) closed-loop value R0fm is equal to the load capacitance reactance at the frequency (1+Tm)u>vc/Tm, as seen from Eq. (43). The closedloop output impedance drops below R 0 fm at decreasing frequencies below ωχ because the error amplifier gain increases, and so the loop gain increases faster than the capacitance reactance.
The most significant consequence of these points is that the closed-loop output impedance Zof is independent of load RL (and of the operating point parameter R), to the extent that (1+Tm)/Tm ^ 1.
Very similar remarks may be made concerning the closed-loop line-to-output transfer function Agf of Eq. (44), which is also equal to its openloop value divided by the feedback factor. The midband (maximum) closed-loop value Agfm is equal to its open-loop value at the frequency (1+Tm)a>vc/Tm , as seen from Eq. ( ). As in the case of the output impedance, this maximum value does not depend on the operating point parameter R.
Some further points can be made regarding the design choices. The central importance of the loop gain crossover frequency has been emphasized: it determines the midband value of the closed-loop output impedance and of the line-to-output transfer function, and the pole above which they fall off. Clearly, it is desirable to have as high a crossover frequency fvc as possible, limited by its encroachment on the second pole a>c of the power stage and consequent reduction of phase margin.
The other frequency of salient importance is the error amplifier inverted zero at fx .
It is desirable to have f 1 as high as possible in order to make as narrow as possible the frequency over which the closed-loop output impedance and line-tooutput transfer function have their maximum values (Figs. 8) .
The limiting factor is again phase margin; a higher fx reduces φ Μ .
The design choices of Alm and ±λ are implemented by the appropriate values of Ra and Ca in the error amplifier circuit of Fig. 1 , as given by Eqs. (30) and (31).
The consequence of too low a phase margin, whether because of proximity of either the second pole ω0
or the inverted zero fx to the crossover frequency fvc , is that both the closed-loop output impedance and line-to-output transfer functions develop a resonant peak above their midband values. In the extreme, of course, instability results.
Consideration has been given here mainly to the effects of load resistance upon the regulator performance functions. However, all the information relevant to the current-programmed buck regulator of Fig. 1 is contained in the model of Fig. 3 .
A complete design should of course also take into account a range of line voltages Vg , which would be accounted for in the model by a corresponding range of duty ratio D.
Other choices of stabilizing ramp slope Mc , represented through the parameter η of Eq. (3), could also be considered.
It has already been mentioned in Section 2.2 that the power stage is "over-stabilized" in the sense that Mc exceeds M2 , the declining inductance current slope during the power switch OFF-time.
The power stage is even more over-stabilized in another sense, related to the line-to-output transfer function Ag. Almost all the numbers in the example circuit of Fig. 1 are the same as those used by Schoneman and Mitchell [7] , who presented experimental measurements of the closed-loop output impedance and line-to-output transfer function to verify predictions made by an entirely different modelling approach.
The only regulator design parameter in this paper chosen differently from that of Schoneman and Mitchell is the error amplifier midband gain AlroRa/ R b » which is here set at Alm -2.84 with a required resistance Ra -270k. This may be taken to be adequate proof of the validity of the canonical model for the current-programmed boost power stage of Fig. 3 . The value Alm -0.26 implies a midband loop gain of only Tm -7.9, and correspondingly larger values
